The quenching of the Weiss oscillation of magnetoresistance in a two-dimensional electron gas subjected to strong one-dimensional periodic potential is calculated nonperturbatively using quantum transport theory. The results are in good qualitative agreement with the experiment of Beton et al. ͓Phys. Rev. B 42, 9229 ͑1990͔͒. The discrepancy between the classical calculation and the experiment is removed in our quantum treatment.
I. INTRODUCTION
Transport properties of two-dimensional electron gases ͑2DEG's͒ in a perpendicular magnetic field and a weak inplane grating potential were the topic of many publications.
1- 6 The modulated 2DEG is realized in highmobility Al x Ga 1Ϫx As/GaAs heterojunctions by illuminating samples with interfering laser beams or by a periodic voltage-gate array on top of heterojunction films. It has been observed that at magnetic fields (B) higher than 0.5 T, Shubnikov-de Haas-type oscillations appear in the resistivity tensor element xx and yy . At lower fields, a different oscillation, called a Weiss oscillation, 1 has been observed. Several closely related explanations of the Weiss oscillations have been given from both a classical 3 and a quantummechanical point of view. 1, 4, 5 But all of the works quoted above have focused on the effects of a weak applied potential. Recently, Beton et al. 7 have performed magnetoresistance measurements of 2DEG subjected to a periodic potential of variable amplitude. As the periodic potential is increased, they observed some interesting effects: ͑i͒ the amplitude of the Weiss oscillations initially increases, but when the periodic potential is increased further, the Weiss oscillations are quenched; ͑ii͒ the periodic potential required to quench a particular maximum or minimum at a given magnetic field increases with magnetic field. They extended a theory due to Beenakker 8 to explain these effects. The model proposed by Beton et al. is classical in nature and there is a discrepancy between their theoretical predictions and the experimental results. In particular, their model predicts a very rapid fall in the magnetoresistance for VϽ1/ (Vϭ2V 0 /v F aB, where V 0 is the amplitude of the modulating electric potential with spacing period a, v F is the Fermi velocity, and B is the magnetic field͒. However, this is not seen in their experiments. Furthermore, it is not clear whether the discrepancy in their explanation is due to neglecting the effects of disorder. In this paper we extend the perturbative calculation using quantum transport theory, 1, 4 which gives a good explanation for the Weiss oscillations in weak modulating fields, to the nonperturbative regime to discuss the dependence of magnetoresistance oscillations on the variable amplitude of the periodic potential. We do not find the rapid fall in the magnetoresistance near the points Vϭ1/ in our calculation, although we deal with the effect of disorder in the same way as the classical model; 7 that is, we evaluate the conductivity yy with the ad hoc assumption of the constant relaxation time . In the high-mobility samples, the dominant contribution to magnetoresistance xx ϰ yy comes from the Landau band electrons scattered by the disorder. This can be treated in the quasiclassical approximation with a constant scattering time. The effect of the disorder-induced broadening of the Landau band is neglected as it is not the dominant contribution to yy . We hope to clarify the absence of a rapid fall in magnetoresistance xx near Vϭ1/ by a full quantum treatment.
II. QUANTUM TRANSPORT IN WEAK MODULATING FIELDS
The experimental situations in Ref. with AϭxBŷ being the vector potential for the homogeneous magnetic field BϭBẑ perpendicular to the two-dimensional electron gas. The modulation potential is approximated by V(x)ϭV 0 cos(2x/a), where V 0 is controlled by a biasing gate voltage that produces the periodic modulation structure with spacing aϭ300 nm. Here we do not include the disorder term in the Hamiltonian. First of all, when there is no external magnetic field, the electric modulation provides a periodic potential for the twodimensional electron gas and we have a Mathieu band structure. 9 On the other hand, when there is no modulation, but the external magnetic field is present, we have the usual Landau levels with spacing ប c . Thus a complete solution of this problem must address the transition from the Landaulevel scenario to the Mathieu band as one turns V 0 from zero to large values compared to ប c .
With ␥ϭV 0 /ប c as a small parameter, a perturbative calculation of the energy band of Eq. ͑1͒ was performed by Gerhardts et al. 1 The eigenvalues can be found by treating V(x) as a perturbation to the Harmonic oscillator spectrum 
2 k y , and L n the Laguerre polynomial. The condition of flatband, which defines sharp peaks in the density of states, is then used to label the period of the magnetoresistance oscillation:
Here is an integer labeling the extremum, បk F is the Fermi momentum, and ϭϪ0.25Ϯ0.06 for the minima and ϭϩ0.17Ϯ0.06 for the maxima. These oscillations are distinct from the Shubnikov-de Haas oscillations 4 as manifested in the temperature dependence and electron density dependence.
III. QUANTUM TRANSPORT IN STRONG MODULATING FIELDS
In the opposite case of quantum transport in strong modulating fields, as V 0 increases or B decreases, ␥ becomes large and perturbative calculation fails. We have to deal with this problem using some nonperturbative techniques. Since the matrix elements of V(x) between the eigenfunctions of harmonic oscillations can be calculated analytically, we can choose these eigenfunctions as a convenient basis for the numerical diagonalization of H. This is similar to the analysis of the electronic state of a 2DEG in a unidirectional periodic magnetic field by Wu and Ulloa. 11 However, our diagonalization is performed in Fourier space.
First, we introduce the Fourier transformation on the eigenfunction of the Schrödinger equation: HϭE,
Then we take the Fourier transformation on both sides of the Schrödinger equation and introduce dimensionless quantities to obtain
where ϭ2E/ប c , x ϭlk x , y ϭlk y , and ␤ϭKl. Since y is a good quantum number, we can separate the variables of Eq. ͑5͒ and obtain the delay ordinary differential equation as
It is difficult to get the exact analytical solution of Eq. ͑6͒. If the parameter ␤ is small, which corresponds to a strong uniform magnetic field or a large spacing period, we can use the Taylor expansion in ␤ to get approximate solutions. However, this is not the regime corresponding to the experiment.
Therefore, we resort to numerical solution by expanding the eigenfunction in terms of the n 0 (␥ϭ0) of harmonic oscillator
We substitute Eq. ͑7͒ into Eq. ͑6͒ and obtain a series of linear algebraic equations
and n ϭ2nϩ1. Thus we can get eigenvalues E n (k y ) and eigenfunctions C n by solving these linear algebraic equations numerically. This nonperturbative approach is not suitable for very weak magnetic fields since the concept of a Landau orbit will fail if c Ͻ1. So, in the following calculation of magnetoresistance, we just start from magnetic-field strength Bϭ0.1 T and assume c ӷ1. With the procedure quoted above, a typical energy spectrum is calculated numerically under weak and strong modulation ͑Fig. 1͒. One can find that, at a weak modulation, the width of modulationbroadened Landau bands is an oscillatory function of the band index n ͓Fig. 1͑a͔͒. However, for a strong modulation ͓Fig. 1͑b͔͒, the energy spectrum is very complicated and the Landau subbands overlap strongly so that the flatband condition used by Gerhardts et al. 1 in determining the period of Weiss oscillation cannot be applied in these cases.
IV. MAGNETORESISTANCE
To calculate the magnetoresistance xx , we follow the formulation of Refs. 12 and 13, which is based on the general Liouville equation with dissipation included explicitly. Under the one-particle approximation, the conductivity tensor is given by
where ϭx,y, ⍀ is the volume of the system, ͉͘ is the single electron state, (E )Ϸ is the relaxation time, F is the Fermi-Dirac function, W Ј is the transition probability due to impurity scattering, and a ϭ͉͗r ͉͘. This formula has been successfully applied to weak modulation by electrical and magnetical field on 2DEG's ͑Refs. 1 and 14͒ and to other systems. 12 The first term in Eq. ͑10͒ describes the extended-state contribution that leads to Drude conductivity for a free-electron gas. The second term describes the localized-state contribution. For the geometry of our problem, the states along the ŷ direction are extended, but those along x are localized. With the first term of Eq. ͑10͒, we can calculate yy for any V 0 , a, v F , and B( c ӷ1). The matrix element of the velocity ͉͗v x ͉͘ can be determined by using the FeynmanHellman theorem, ͗nk y ,s͉v x ͉s,nk y ͘ϭ
where ͉͘ϭ͉nk y ,s͘ and s represents the spin of electron. E F is determined self-consistently from
where N s is the total number of electrons. In this paper, we use Bϭ0.1 T, n s ϭ2.89ϫ10 11 , aϭ300 nm, and V 0 from 1.5 to 4.5 meV. These parameters give E F ϳ10 meV and correspond to filling up to the 60th Landau levels. The eigenvalues E n (k y ) and eigenstates are calculated by diagonalizing Eq. ͑8͒ for C n , with nϭ200.
Since we lack the detail experimental data of Beton et al. 7 we just present the results of a calculation of magnetoresistance for several parameters within experimental range. Figure 2 shows magnetoresistance curves calculated for electron density n s ϭ2.89ϫ10 11 corresponding to E F ϭ10 meV, magnetic-field strength Bϭ0.1-0.5 T, aϭ300 nm, m*ϭ0.07m e , and various values of V 0 . These parameters are the same as the ones chosen by Beton et al. 7 for their classical model. One sees that, for a weak potential, or small ␥, our nonpertubative numerical calculations of magnetoresistance are very similar to the pertubative ones by Gerhardts et al. oscillatory linewidth of the modulation-broadened Landau bands.
2 However, as the potential V 0 increases and ␥ becomes larger, the maximum or minimum of the Weiss oscillations gradually disappears and the potential V 0 required to quench a particular maximum or minimum at a given magnetic field increases with magnetic field. Physically, it is because the different Landau bands hybridize strongly as the amplitude of potential becomes larger so that the feature of the oscillatory linewidth of the energy spectrum is gradually lost. Furthermore, Fig. 2 shows that there is not a rapid fall in the magnetoresistance near the point (Vϭ1/). It may not be a surprising result since the classical open orbit concept, which is used by the classical model 7 to predict a rapid fall in magnetoresistance near the point (Vϭ1/), is qualitatively inadequate if one considers the uncertainty principle of quantum theory. Our calculations clarify this point by indicating the inadequacy of the classical open orbit concept rather than attributing all the discrepancies to the disorder factor. In Fig.  2 we do not give the absolute value of xx since the relaxation time is used to set the absolute scale. As for the physical explanation of the Weiss oscillation, we show that our full quantum treatment correctly reproduces the perturbative results and the flatband condition is recovered for weak modulation. The physics is the same, except that we extend these perturbative calculations to strong fields using exact diagonalization.
V. CONCLUSION
In conclusion, we have presented a nonperturbative calculation of the quenching of the Weiss oscillation in the framework of quantum transport theory. We not only generate results in agreement with the weak-field experiment, but also produce correct quenching at a strong field. In particular, the absence of a rapid fall in magnetoresistance for VϽ1/ (Vϭ2V 0 /v F aB) in our calculation is in agreement with experiment. This indicates that the classical explanation 7 has its limitations and a quantum-mechanical calculation is more appropriate. For further work, we would like to clarify the effect of disorder. It is well known that disorder will increase the hybridization of the mini-Landau band and smear out the oscillation linewidth of the energy spectrum. Nevertheless, we have shown in this paper that a full treatment of the nonperturbative quantum-mechanical calculation of the quenching of the magnetoresistance oscillation with the constant relaxation time approximation for the disorder does produce results in good qualitative agreement with experiments.
